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Abstract

In coniferous western forests, recent widespread tree mortality provided opportunities to test the 
long-held theory that forest cover loss increases water yield. We reviewed 78 studies of hydrologic 
response to standing-replacing (severe wildfire, harvest) or nonstand-replacing (drought, insects, 
low-severity wildfire) disturbances, and reassessed the question: Does water yield or snowpack 
increase after forest disturbance? Collective results indicate that postdisturbance streamflow and 
snowpack may increase, not change, or even decrease, and illuminate factors that may help im-
prove predictability of hydrologic response to disturbance. Contrary to the expectation that tree 
mortality reduces evapotranspiration, making more water available as runoff, postdisturbance 
evapotranspiration sometimes increased—particularly following nonstand-replacing disturb-
ance—because of (a) increased evaporation resulting from higher subcanopy radiation, and (b) 
increased transpiration resulting from rapid postdisturbance growth. Postdisturbance hydrologic 
response depends on vegetation structure, climate, and topography, and new hypotheses con-
tinue to be formulated and tested in this rapidly evolving discipline.
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In 1967, Alden Hibbert concisely formulated three 
long-lived hypotheses about the relation between 
forest cover and water yield: “1. Reduction of forest 
cover increases water yield. 2. Establishment of forest 
cover on sparsely vegetated land decreases water yield. 
3. Response to treatment is highly variable, and, for
the most part, unpredictable” (Hibbert 1967, p. 535).
Decades of subsequent research have supported these
hypotheses (Hibbert 1967, Bosch and Hewlett 1982,
Troendle 1983, Troendle and King 1985, Andréassian
2004). However, recent studies suggest that the vari-
ability of water yield response is a fundamental char-
acteristic of semiarid western watersheds and raise
questions about the universality of the first hypothesis

regarding the relation between forest cover and water 
yield (Pugh and Gordon 2013, Biederman et al. 2015).

Recent reviews have highlighted differences in the 
magnitude of water-yield increases following disturb-
ance, as well as variability in individual hydrologic 
processes that drive water-yield response (Buttle et al. 
2005, Moore and Wondzell 2005, Adams et al. 2012, 
Mikkelson et al. 2013, Pugh and Gordon 2013). The 
magnitude of postdisturbance water yield change 
varied widely in these reviews, from –50 percent to 
more than +200 percent, although such large increases 
are questionable (Adams et  al. 2012), and Pugh and 
Gordon (2013) predict either no change or increases 
up to +25 percent. However, even more recently, 
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studies have concluded that water yield decreases 
following forest disturbance in semiarid western 
watersheds (Biederman et  al. 2014, Biederman et  al. 
2015, Bart et  al. 2016, Slinski et  al. 2016, Bennett 
et  al. 2018). Because these recent studies contradict 
Hibbert’s (1967) first hypothesis, additional review is 
needed to identify where and why decreases in water 
yield may occur and thus improve the predictability of 
postdisturbance hydrologic response.

Previous studies that observed increases in 
postdisturbance water yield, as expected, illuminated 
the mechanisms responsible (Hibbert 1967, Bosch and 
Hewlett 1982, Troendle 1983). Water yield is con-
strained by the amount of precipitation minus evapo-
transpiration, where vegetation affects the partitioning 
of precipitation into runoff versus evapotranspiration. 
When forest cover is decreased, two components of 
evapotranspiration decline (Figure  1). First, less pre-
cipitation is intercepted and subsequently sublim-
ated (snow) or evaporated (rain) by tree canopies. 
Sublimation losses of canopy-intercepted snow can be 
as high as 20–30 percent of snowfall in western water-
sheds where a substantial fraction of precipitation falls 
as snow (Schmidt et al. 1998, Montesi et al. 2004), thus 
substantially reducing the amount of water available 
for streamflow. Second, transpiration decreases fol-
lowing death or removal of trees (Wilm 1948, Hibbert 
1967, Troendle 1983, Troendle and King 1985, Adams 
et al. 2012).

As expected from these mechanisms, standing-
replacing disturbances such as clearcut harvests often 
lead to increased streamflow (Troendle 1983, Troendle 
and King 1985, Troendle and King 1987, Stednick 
1996, Hubbart et  al. 2007). However, nonstand-
replacing disturbances may differ with respect to in-
dividual hydrologic processes such as interception 

of precipitation, radiation transmission, accumula-
tion and retention of snowpack, and evapotranspir-
ation from the overstory and understory. Partial-cut 
harvesting has both increased water yield (Hubbart 
et al. 2007) and failed to produce significant increases 
(Troendle and King 1987). Opportunistic studies of 
previous insect outbreaks concluded that streamflow 
increased following mortality (Figure 1a) (Bethlahmy 
1974, Potts 1984), particularly after salvage clearcuts 
(Cheng 1989), although the increase was hypothesized 
to be modulated by radiation exposure (Bethlahmy 
1975). Higher radiation exposure—which is related 
to a combination of slope, latitude, aspect, and tem-
perature—translates to higher evaporative demand 
and thus higher potential evapotranspiration. In con-
trast to earlier studies, recent research has observed 
unchanged or even decreased streamflow following 
insect outbreaks, likely because increased evapotrans-
piration from understory vegetation overcompensated 
for decreased evapotranspiration from the overstory 
(Figure 1b) (Biederman et al. 2015).

Recent widespread tree mortality across the western 
United States (Breshears et  al. 2005, van Mantgem 
et al. 2009, Anderegg et al. 2013, Huang et al. 2015) 
has provided opportunities to test hypotheses about 
the linkage between forest cover, disturbance, and 
water yield. Contemporary studies differ from histor-
ical watershed experiments in several important ways. 
First, recent mortality was caused by multiple factors 
that did not typically kill or remove 100 percent of 
trees in affected stands (Hicke et al. 2015), whereas 
most previous studies and reviews (Troendle 1983, 
Troendle and King 1985, Stednick 1996, Hubbart 
et al. 2007) focused on stand-replacing disturbances, 
mainly clearcut harvesting and severe wildfire. Second, 
the spatial scale of analysis can be much broader, 

Management and Policy Implications

Previous research on the link between forest management and water yield led to the expectation that water 
yield would increase following recent tree mortality in the Western United States. This paper presents a review 
of papers published during 2000–19 on the effects of forest disturbance on streamflow in western coniferous 
forests. Although some studies observed postdisturbance increases in water yield, as expected, in many cases 
water yield did not change or even decreased. Decreases were generally observed in areas with the following 
characteristics: high total radiation and high solar radiation (i.e., at low latitudes and south-facing aspects); 
rapid growth of postdisturbance vegetation; and nonstand-replacing disturbances, such as drought and insect-
caused mortality. Although one objective of forest management may be to increase water yield, another might 
be to encourage postdisturbance forest recovery and resilience by optimizing growing-season soil moisture, 
which depends on snow accumulation and retention. The ability to meet such goals, and the treatments to ac-
complish them, depends on residual vegetation, latitude, and aspect. Our review suggests that recommenda-
tions for meeting specific management objectives in forested watersheds of the semiarid West—and the best 
available scientific information about the link between forest cover and water yield—are changing rapidly.
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given the widespread mortality and rapidly evolving 
spatial analysis tools, than most historical studies of 
watersheds smaller than 25 km2 (Bosch and Hewlett 
1982, Andréassian 2004). Third, the current state of 
physically based, spatially distributed models—as 
well as spatially explicit input data on elevation, soil, 
and climate—enables disentangling climate versus 
vegetation effects (Biederman et  al. 2015; Hallema 
et  al. 2017; Perry and Jones 2017), assessment of 
multiple alternative climate and land-cover scenarios 
(Du et al. 2016), and examination of large watersheds 
using a water budget approach (Andréassian 2004). 
This capability contrasts with paired-watershed 
studies that typically focus on small watersheds using 
before/after-control/impact experimental designs, and 
use streamflow data as the primary and often sole 
catchment-scale response variable (Hibbert 1967, 
Hewlett 1971, Bethlahmy 1974, 1975, Bosch and 
Hewlett 1982, Troendle 1983, Potts 1984, Troendle 
and King 1985, Cheng 1989, Biederman et al. 2015). 
Fourth, quantifying evaporation is notoriously diffi-
cult, and eddy-covariance methods enable assessment 
of seasonal evapotranspiration (Biederman et  al. 
2014, Biederman et al. 2014).

Our objective was to synthesize recent findings 
and reassess the question: Does water yield increase 
following forest disturbance in western coniferous 
forests? We expected that water yield response may 
differ for stand-replacing versus nonstand-replacing 
disturbances because of different process-level re-
sponses (Adams et  al. 2012, Mikkelson et  al. 2013, 
Pugh and Gordon 2013). A  second objective was to 
assess whether the predictability of hydrologic re-
sponse—particularly decreases in streamflow or snow-
pack—following forest cover loss has improved since 
Hibbert’s (1967) review. Our review included both 
stand-replacing disturbances, such as severe wildfire 
and clearcutting, and nonstand-replacing disturbances 
such as drought, insects, and low- to moderate-severity 
fire. We included literature that identified the physical 
processes and components of the hydrologic cycle that 
drove overall hydrologic response, as well as studies 
that explicitly assessed annual streamflow (i.e., water 
yield). Although we did not seek to focus specifically 
on studies in catchments that receive most precipita-
tion as snow, we found that the recent widespread tree 
mortality in western coniferous forests occurred pri-
marily in regions with seasonal snowpack. Given the 

Figure 1.  Postdisturbance decrease (a) versus increase (b) in net evapotranspiration (ET) that determine water yield 
response, as determined by changes in individual components of ET relative to predisturbance fluxes. Red arrows 
contribute to higher total ET and lower water yield; blue arrows contribute to lower total ET and higher water yield. Arrow 
sizes correspond to relative sizes of change in flux; in (a), blue arrows are larger than red arrows and drive a net decrease 
in ET, whereas in (b), red arrows are larger than blue arrows and drive a net increase in ET. ΔQ = change in water yield; 
ΔETtotal = net change in evapotranspiration; ΔTcanopy = canopy transpiration; ΔEcanopy = canopy (overstory) evaporation of liquid 
water; ΔScanopy =  sublimation of canopy-intercepted snow; ΔTunderstory = understory transpiration; ΔEunderstory = understory 
evaporation; ΔSsnowpack = sublimation of ground snowpack; and ΔEsoil = soil evaporation.
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relatively recent, post-2000 time frame of widespread 
natural forest disturbance in the West (Breshears et al. 
2005, Williams et al. 2013, Huang et al. 2015), we fo-
cused on papers published after 2000.

Scope and Approach
To address our objectives, we first cast a wide net to 
include as many recent papers as possible, and then 
eliminated papers that did not focus on recent disturb-
ances in western coniferous forests and also added pa-
pers that were not returned in our initial search that 
were recommended by colleagues and reviewers. The 
first step consisted of a Scopus search (scopus.com) re-
sulting in 182 papers. Criteria for this search included 
titles, abstracts, or keywords that included “forest”; at 
least one term describing forest cover (forest cover, tree 
cover, or canopy cover); at least one term describing 
forest disturbance (tree mortality, forest disturbance, 
drought, water stress, fire, insects, beetle, drought, 
harvest, or thinning); at least one term describing 
hydrologic or ecohydrologic response (transpiration, 
evapotranspiration, snowpack, snow accumulation, 
snow retention, streamflow, water yield, or runoff); 
and publication in peer-reviewed journals in year 2000 
or later, given the relatively recent increase in wide-
spread tree mortality in the western United States 
(Breshears et  al. 2005, Williams et  al. 2013, Huang 
et al. 2015). In the second step, we eliminated papers 
that did not focus on disturbance in coniferous forests 
or did not include an explicit evaluation of the effects 
of forest disturbance on hydrologic processes, and also 
added several papers that were cited in studies within 
our search or suggested by reviewers.

Our search resulted in a set of 78 papers (Table 1) 
published in 30 journals, plus older seminal papers and 
reviews on the relation between forest cover, disturb-
ance, and streamflow or snowpack in western forests. 
The number of papers published per year was higher 
in 2012–17 than in 2000–11, and was higher than ex-
pected given the rate of increase in all published pa-
pers during this period (Figure 2). This trend possibly 
corresponds to increased tree mortality in the western 
United States (van Mantgem et  al. 2009), much of 
which was due to drought and insects (Meddens et al. 
2012), and may reflect increased societal concern and 
scientific interest in water issues related to forest man-
agement. For each paper, we assessed several questions 
about how “forest” and “disturbance” were character-
ized, how hydrologic impacts were characterized, and 
whether confounding factors such as climate variability 

and postdisturbance recovery were considered. We 
also determined whether the disturbance under con-
sideration was stand-replacing or nonstand-replacing, 
what specific disturbance agents were considered (e.g., 
insects, drought, wildfire), and whether conclusions 
were based on observations, simulations, or both.

In the next section, we highlight unexpected hydro-
logic responses and the process-level mechanisms (e.g., 
postdisturbance transpiration and sublimation) that 
explain such responses. Subsequent sections provide 
a broader interpretation of the results that incorpor-
ates earlier (pre-2000) papers to highlight where re-
cent studies reframe or underscore previous work. 
The section “Linkage between Forest Disturbance and 
Water Yield” section summarizes our conclusions and 
addresses our objectives of assessing Hibbert’s (1967) 
first and third hypotheses in the context of recent, post-
2000 tree mortality in the West. In the “Improving 
Predictability” section, we highlight the strengths of 
selected papers and summarize needs for research that 
will improve predictive capabilities and facilitate fu-
ture meta-analyses on the linkage between forest dy-
namics and water resources. The “Implications for 
Forest Management” section recognizes that managing 
for water yield and forest resilience may be distinct and 
not always compatible goals.

Postdisturbance Hydrologic Response
The 78 papers included in this review were based on 
observations (42 papers), simulations (18), a com-
bination of observations and simulations (14), and 
conceptual models (4) of hydrologic fluxes. Here we 
summarize the findings with respect to postdisturbance 
water yield (i.e., annual streamflow), peak flows (mag-
nitude and timing), low flow magnitude, snow water 
equivalent (SWE), and evapotranspiration.

Water Yield
Contrary to Hibbert’s (1967) review, water yield de-
creased in nine of 31 studies that directly assessed 
streamflow response to disturbance (Table  2). Many 
studies found variable responses, such as both increases 
and decreases in different catchments. Collectively, re-
cent research indicates that water yield is more likely 
to decrease following nonstand-replacing disturbance 
(eight of 19 studies) than following stand-replacing 
disturbance (three of 17 studies; Table  3). Note that 
some studies found variable responses (e.g., increases, 
no change, or decreases in streamflow) given different 
disturbance scenarios, and some studies assessed both 
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Table 1.  Summary characteristics of 78 papers that met our search criteria.

Author Year Journal* Location†

Type of 
study‡

Adams et al. 2012 Ecohydrologyo NA (conceptual) Both
Bart et al. 2016 Plos ONEO CA Simulations
Bearup et al. 2014 Nature Climate ChangeO CO Observations
Bennett et al. 2018 Hydrology & Earth System SciencesH AZ, CO, NM, UT Simulations
Bewley et al. 2010 Journal of HydrologyH BC Simulations
Biederman et al. 2014 EcohydrologyO CO, WY Observations
Biederman et al. 2014 Water Resources ResearchH CO, WY Observations
Biederman et al. 2015 Water Resources ResearchH CO Observations
Boisramé et al. 2017 EcosystemsO CA Both
Boon 2009 Hydrological ProcessesH BC Both
Boon 2012 Ecohydrologyo BC Observations
Bright et al. 2013 Journal of Geophysical Research: 

Biogeoscienceso

CO Observations

Broxton et al. 2015 EcohydrologyO CO, NM Both
Buma and Livneh 2015 Forest ScienceF CO Simulations
Buma and Livneh 2017 Environmental Research LettersO Entire US Observations
Burles and Boon 2011 Hydrological ProcessesH AB Both
Buttle et al. 2005 Hydrological ProcessesH Canada (review) Both
Chen et al. 2015 Journal of HydrometeorologyH WY Both
Concilio et al. 2009 Climatic ChangeO CA Observations
Cristea et al. 2014 Hydrological ProcessesH CA Simulations
Du et al. 2016 Hydrological ProcessesH ID Simulations
Eaton et al. 2010 Earth Surface Processes &  

LandformsO

BC Observations

Ellis et al. 2011 Canadian Journal of Forest ResearchF AB Observations
Ellis et al. 2013 Water Resources ResearchH AB Observations
Gleason et al. 2013 Geophysical Research LettersH OR Observations
Grant et al. 2013 Frontiers in Ecology & EnvironmentO NM Both
Green and Alila 2012 Water Resources ResearchH BC, CO, ID, UT, WY Both
Guardiola-Claramonte 

et al.
2011 Journal of HydrologyH AZ, CO, NM, UT Observations

Hallema et al. 2017 EcohydrologyO AZ, CA Observations
Hallema et al. 2017 Hydrological ProcessesH Western United States Observations
Harpold et al. 2014 EcohydrologyO NM Observations
Harpold et al. 2015 Hydrological ProcessesH CA, CO, NM Observations
Hernandez et al. 2018 ForestsF ID, MT Simulations
Hubbart et al. 2015 Forest ScienceF ID Observations
Huff et al. 2000 Journal of ForestryF CA Both
Jackson and Prowse 2009 Hydrological Processesh BC Observations
Jacobs 2015 Ecohydrologyo NM Observations
Li et al. 2018 Journal of HydrologyH BC, WA Observations
Livneh et al. 2015 Journal of HydrologyH CO Both
Lundquist et al. 2013 Water Resources ResearchH CA Observations
Mahat and Anderson 2013 Hydrology & Earth System SciencesH AB Simulations
Maxwell et al. 2019 Forest Ecology & ManagementF UT Observations
Meyer et al. 2017 Forest Ecology & ManagementF BC Simulations
Mikkelson et al. 2013 BiogeochemistryO NA (review) Both
Moore and Scott 2005 Canadian Water Resources JournalH BC Observations
Moore and Wondzell 2005 Journal of American Water Resources 

AssociationH

AK, BC, ID, OR, WA Observations
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stand-replacing and nonstand-replacing disturbance. 
Among the 31 studies that assessed annual streamflow 
response, 14 used direct flow measurements, nine used 
simulation models, five used a combination of observa-
tions and simulations, and three presented conceptual 
models based on previous literature.

When nonstand-replacing disturbances result in de-
creased streamflow, it is because total postdisturbance 
evapotranspiration increases (Figure  1b), as a result 

of increased transpiration in the understory, increased 
sublimation from snowpack, or increased soil evap-
oration because of more radiation reaching the sur-
face (Biederman et al. 2014, Bennett et al. 2018)—all 
of which decrease the proportion of precipitation 
available for streamflow. Previous reviews concluded 
that streamflow response to nonstand-replacing dis-
turbance may be highly variable, relative to stand-
replacing disturbances, and cite the competing 

Author Year Journal* Location†

Type of 
study‡

Morillas et al. 2017 Journal of Geophysical Research: 
BiogeosciencesO

NM Observations

Penn et al. 2016 Water Resources ResearchH CO Simulations
Perrot et al. 2014 EcohydrologyO CO Observations
Perry and Jones 2017 EcohydrologyO OR Observations
Pomeroy et al. 2012 Hydrological ProcessesH AB Simulations
Poon and Kinoshita 2018 Journal of HydrologyH NM Simulations
Pugh and Gordon 2013 Hydrological ProcessesH Western North America Simulations
Pugh and Small 2012 EcohydrologyO CO Observations
Pugh and Small 2013 Hydrology ResearchH CO Observations
Reed et al. 2014 Environmental Research LettersO WY Observations
Reed et al. 2016 Theoretical & Applied ClimatologyO WY Observations
Robles et al. 2014 PLoS ONEO AZ Simulations
Saksa et al. 2017 Water Resources ResearchH CA Simulations
Sankey et al. 2015 Remote Sensing of EnvironmentO AZ Observations
Sexstone et al. 2018 Water Resources ResearchH CO Both
Slinski et al. 2016 Environmental Research LettersO ID, MT, OR, 

UT, WA, WY
Observations

Stevens 2017 Ecological ApplicationsO CA Observations
Sun et al. 2018 Hydrological ProcessesH ID, WA Simulations
Svoma 2017 Journal of Geophysical Research: 

AtmospheresO

AZ Simulations

Tennant et al. 2017 Water Resources ResearchH CA, CO, NM, ID Observations
Tonina et al. 2008 Hydrological ProcessesH ID Simulations
Vanderhoof and 

Williams
2015 Agricultural & Forest MeteorologyO CO, WY Both

Varhola et al. 2010 Canadian Journal of Forest ResearchF BC Both
Wei and Zhang 2010 Water Resources ResearchH BC Observations
Wine and Cadol 2016 Environmental Research LettersO NM Both
Wine et al. 2018 Environmental Research LettersO Western United States Both
Winkler et al. 2005 Hydrological ProcessesH BC Observations
Winkler et al. 2014 Hydrological ProcessesH BC Observations
Winkler et al. 2015 Hydrology ResearchH BC Observations
Winkler et al. 2017 EcohydrologyO BC Observations
Yazzie and Chang 2017 ClimateO OR Simulations
Zhang and Wei 2012 Hydrology & Earth System SciencesH BC Observations

* Primary discipline of journal (F = forestry, H = hydrology, and O = other/cross-disciplinary).
† Locations are abbreviated using standard US state and Canadian province abbreviations.
‡ Results based on observations, simulations, or both observations and simulations.

Table 1.  Continued
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responses of decreased overstory transpiration and 
decreased canopy interception losses, versus increased 
evapotranspiration from the understory and ground 
(Figure  1) (Moore and Wondzell 2005, Adams et  al. 

2012, Mikkelson et al. 2013, Pugh and Gordon 2013). 
The variable responses found by other studies, many 
of which were published after these reviews, found a 
combination of increases and no change (Huff et  al. 
2000, Winkler et al. 2015, Penn et al. 2016, Boisramé 
et  al. 2017), a combination of all possible responses 
(Slinski et al. 2016, Boisramé et al. 2017), and either 
decreases or no change (Biederman et  al. 2015). 
Eight studies found consistent water-yield responses, 
including both consistent increases (Robles et  al. 
2014, Livneh et al. 2015, Buma and Livneh 2017, Li 
et al. 2018, Wine et al. 2018) and consistent decreases 
(Guardiola-Claramonte et  al. 2011, Biederman et  al. 
2014, Bennett et al. 2018).

Studies of stand-replacing disturbances, such as 
clearcutting or severe wildfire, confirm that water yield 
typically increases following stand-replacing disturb-
ances, as expected from the previous reviews (Hibbert 
1967, Bosch and Hewlett 1982, Troendle 1983, 
Troendle and King 1985, Andréassian 2004). However, 
they also suggest that postdisturbance vegetation char-
acteristics determine the direction of response. Two of 
the three studies with decreases in annual streamflow 
following stand-replacing disturbances provide similar 
explanations for their results: water yield decreases 

Figure 2.  Publication year and journal discipline (forestry, 
hydrology, or “other” cross-disciplinary journal) of the 78 
papers included in our review (vertical bars; left axis) and 
the total number of papers in each discipline (horizontal 
shaded areas; right axis). (Note that the journal PLoS ONE, 
which began publishing in 2006, is categorized as “other” 
yet omitted in the total number of papers (lines) because 
within 5 years of its founding, it published several times as 
many papers as all other journals in aggregate. Two papers 
in this review were published in PLoS ONE: one in 2014 
and one in 2016.)

Table 2.  Metrics of hydrologic response used in the 78 papers in this review, as well as the number of 
papers that found increases, no change, or decreases in each metric.

Response Total no. of studies Increase No change Decrease

Streamflow (annual water yield) 31 26 16 9
Peak flow magnitude 22 19 10 7
Peak flow timing* 18 14 7 4
Low flow magnitude 25 14 9 9
Maximum snow water equivalent 42 34 10 10

Note: Totals do not always equal the sum of the papers across each row because many studies found variable responses 
(e.g., increases, no change, or decreases in streamflow given different disturbance scenarios). Similarly, the sum of the total 
number of papers does not equal 78 because many studies assessed multiple response metrics (e.g., both streamflow and 
evapotranspiration).
* Peak flow timing “increase” represents earlier peak flows; “decrease” represents later peak flows.

Table 3.  Response of annual streamflow (i.e., water yield) to disturbance.

Type of disturbance Total no. of studies Increase No change Decrease

Stand-replacing 17 15 7 3
Nonstand-replacing* 19 15 10 9

Note: Totals do not equal the sum of the papers across each row and column because many studies found variable responses 
(e.g., increases, no change, or decreases in streamflow given different disturbance scenarios), and some studies assessed both 
stand-replacing and nonstand-replacing disturbance.
* Papers focused on nonstand-replacing disturbances included three papers based on conceptual models, which predicted an
increase (three papers), no change (three papers), or decreases (one paper) in streamflow.
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when trees are replaced with shrubs with high leaf 
area and high transpiration rates (Figure  1b) (Bart 
et al. 2016, Bennett et al. 2018). The third study found 
decreases in streamflow within a geographically con-
strained region of rain-dominated catchments of the 
coastal Pacific Northwest, where decreases in water 
yield occur because of a decline in fog interception 
(Moore and Wondzell 2005). In contrast to these three 
studies, most studies concluded that water yield con-
sistently increases following stand-replacing disturb-
ance (Figure 1a) (Wei and Zhang 2010, Zhang and Wei 
2012, Buma and Livneh 2015, Winkler et al. 2015, Du 
et al. 2016, Hallema et al. 2017, Winkler et al. 2017, 
Hernandez et al. 2018, Li et al. 2018, Sun et al. 2018), 
although several studies found variable streamflow re-
sponse, depending on the disturbance scenario (Moore 
and Wondzell 2005, Bart et al. 2016, Wine and Cadol 
2016, Hallema et al. 2017, Wine et al. 2018).

Among the simulation models used to assess 
postdisturbance water yield, only physically based 
models predicted any decreases in water yield fol-
lowing disturbance, whereas simpler models consist-
ently predicted increases. Simulation-based studies 
that found decreases in postdisturbance streamflow 
are in similar types of catchments (i.e., those with 
high total radiation at low latitudes, and with dense 
postdisturbance vegetation) to observational studies 
that found decreases in streamflow because of net in-
creases in evapotranspiration. Given that some obser-
vational studies also concluded that streamflow may 
decrease following disturbance, particularly following 
nonstand-replacing disturbance, the ability to simu-
late postdisturbance decreases is a strength of phys-
ically based models. Thus, physically based models 
can complement paired-catchment studies to robustly 
assess the impacts of forest disturbance on stream-
flow (Moore and Scott 2005), whereas more empir-
ically based models may be incapable of simulating 
the conditions that lead to postdisturbance decreases 
in water yield. The degree of spatial distribution and 
the number of physical processes in the models varied, 
from the point-based WRENSS model applied to 
grid cells (Huff et  al. 2000), to catchment-scale em-
pirical or statistical models (Wine and Cadol 2016, 
Boisramé et al. 2017, Robles et al. 2017, Wine et al. 
2018), semidistributed models such as the Soil and 
Water Assessment Tool (Hernandez et al. 2018), and 
several fully distributed, physically based models such 
as the Distributed Hydrology Soil Vegetation Model 
(Green and Alila 2012, Buma and Livneh 2015, Livneh 
et al. 2015, Du et al. 2016, Sun et al. 2018); Regional 

Hydro-Ecological Simulation System (Bart et al. 2016, 
Saksa et  al. 2017); ParFlow (Penn et  al. 2016); and 
Variable Infiltration Capacity (Bennett et al. 2018).

Peak Flows
Twenty-two studies evaluated peak flow magni-
tudes, and most found that postdisturbance peak 
flows exceed predisturbance peaks (Table  2), re-
gardless of whether disturbance is stand-replacing. 
However, three studies found that peak flows some-
times increase, do not change, or decrease (Slinski 
et  al. 2016, Buma and Livneh 2017, Bennett et  al. 
2018), depending on disturbance severity and ex-
tent, postdisturbance vegetation recovery, and radi-
ation budgets—all of which affect snowmelt rates 
(Moore and Wondzell 2005, Mikkelson et al. 2013, 
Pugh and Gordon 2013). For example, snowmelt oc-
curs more rapidly—and thus produces higher peak 
flows—at sites with higher total radiation, which tend 
to occur on sites at lower latitudes, lower elevations, 
and south-facing slopes. Snowmelt in undisturbed 
forested watersheds is typically asynchronous by ele-
vation (i.e., lower elevations melt earlier and higher 
elevations melt later), whereas postdisturbance syn-
chronization of snowmelt leads to higher peak flows 
(Bewley et al. 2010, Pomeroy et al. 2012). Thus, vari-
able responses in peak flows may be explained by the 
degree of synchronicity of snowmelt rates throughout 
a watershed (Pomeroy et al. 2012), and disturbance 
that reduces synchronicity of snowmelt can lead to 
smaller peak flows. Another factor that may reduce 
postdisturbance peak flows is a simultaneous shift in 
climate that results in more precipitation falling as 
rain versus snow (Jacobs 2015).

Postdisturbance peak flows typically occur earlier 
than predisturbance peaks (Table  2), as expected 
from previous reviews (Andréassian 2004). However, 
seven studies found variable responses with respect to 
peak flow timing, including later peaks in some cases 
(Moore and Wondzell 2005, Pomeroy et  al. 2012, 
Pugh and Gordon 2013, Cristea et al. 2014, Livneh 
et al. 2015, Du et al. 2016, Slinski et al. 2016, Bart 
et al. 2016, Buma and Livneh 2017). Later peak flows 
are more likely to occur when snow accumulation 
increases following forest cover loss (Cristea et  al. 
2014); note that snow accumulation does not always 
increase following disturbance (Table  2). As with 
peak flow magnitude, peak flow timing may be af-
fected by the degree of synchronization of snowmelt 
across elevation zones (Bewley et al. 2010, Pomeroy 
et al. 2012). 
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Low Flows
The response of low flows to forest disturbance is 
related to snow accumulation, snowmelt rates, and 
summer evapotranspiration rates. Low flows typically 
increase when more snow accumulates, snow melts 
more slowly, and/or summer evapotranspiration de-
clines. Low flows can also be sensitive to time since 
disturbance. In the Pacific Northwest, conversion of 
mature forests to timber plantations may initially re-
sult in higher summer flows but then switch to lower 
low flows by 15 years postharvest, and this decrease 
may persist for several decades (Perry and Jones 2017). 
Most of the studies considered here did not cover this 
length of time, and it is noteworthy that Perry and 
Jones (2017) concluded that initially inflated sea-
sonal low flows may switch to deficits several years 
after disturbance. Moore and Wondzell’s (2005) re-
view concluded that water yield may initially increase 
but then decrease in the longer term. In both papers, 
long-term streamflow declines were attributed to rapid 
postdisturbance vegetation growth.

Among the remaining studies, postdisturbance sea-
sonal low flows increased in 14 of the 19 studies that 
evaluated low flows, nine studies found no change, 
and eight studies found decreases (Table 2). However, 
given the rigor of Perry and Jones’s (2017) long-term 
study, which ruled out climate variability as a cause 
of observed decreases in low flows, future research 
into the effects of disturbance on seasonal low flows 
must consider that the response may vary over decadal 
timescales.

SWE
Although 34 of 42 studies that assessed SWE con-
cluded that annual maximum SWE increases following 
forest disturbance, 10 studies concluded that it de-
creases (Table 2). Contributors to the variable response 
of SWE include the timing and magnitude of precipi-
tation, as well as disturbance type (stand-replacing 
versus nonstand-replacing) and forest structure—
which both affect radiation and thus sublimation (de-
scribed in the next section) and SWE. In some studies, 
SWE in disturbed versus undisturbed stands differs 
in low-snow years but not in high-snow years, when 
the amount of snowfall presumably overwhelms trees’ 
interception capacity (Boon 2012, Winkler et al. 2014). 
Several studies concluded that SWE in stands affected 
by nonstand-replacing, insect-caused disturbances is 
more similar to undisturbed forests than to sites with 
recent stand-replacing disturbances (Boon 2009, 2012, 
Burles and Boon 2011, Pomeroy et al. 2012, Winkler 

et al. 2014). This suggests that SWE responds to a con-
tinuum of disturbance levels, and that quantitative 
characterization of forest density—such as regressions 
between leaf area index (LAI) or canopy cover and 
SWE (Varhola et  al. 2010)—could lead to improved 
quantitative predictions of disturbance effects on SWE.

Patterns of SWE response vary geographically, with 
more consistent postdisturbance increases at higher 
latitudes and more variable responses at lower lati-
tudes. Of 13 studies of SWE conducted in Canada and 
the northern United States, nine consistently found 
higher SWE following disturbance (Winkler et  al. 
2005, Boon 2009, Jackson and Prowse 2009, Varhola 
et  al. 2010, Burles and Boon 2011, Ellis et  al. 2013, 
Gleason et al. 2013, Chen et al. 2015, Hubbart et al. 
2015, Du et  al. 2016), whereas four found variable 
response—i.e., a combination of increases, no change, 
and decreases (Ellis et al. 2011, Boon 2012, Winkler 
et  al. 2014, 2015). Among the 13 studies conducted 
farther south in the United States, only five consistently 
found that SWE increases in disturbed stands (Pugh 
and Small 2013, Biederman et al. 2014, Broxton et al. 
2015, Harpold et al. 2015, Livneh et al. 2015). Four 
studies found that SWE responds variably to reduced 
canopy density (Pugh and Small 2012, Lundquist 
et  al. 2013, Perrot et  al. 2014, Tennant et  al. 2017). 
The remaining studies concluded that SWE does not 
change (Biederman et al. 2014, Sexstone et al. 2018, 
Maxwell et al. 2019) or decreases following disturb-
ances (Harpold et  al. 2014, Stevens 2017). Thus, 
postdisturbance SWE is more often observed to de-
crease or respond variably at low latitudes than at 
high latitudes, where it typically increases. Unexpected 
decreases in postdisturbance SWE are attributed to in-
creased shortwave radiation, which results in increased 
ablation of the snowpack (Harpold et al. 2014, Stevens 
2017), as well as decreased albedo following accumu-
lation of needles, bark, and other organic matter on the 
snow surface, which also leads to snowpack ablation 
(Gleason et al. 2013, Pugh and Gordon 2013, Winkler 
et al. 2014). It is important to note that dividing ab-
lation into sublimation versus melt is a difficult yet 
important task for estimating water budgets, because 
whereas melt clearly contributes to streamflow, sub-
limation represents evapotranspiration losses that can 
contribute to reduced streamflow.

Twenty-six studies quantified at least one compo-
nent of radiation budgets that influences snowpack. 
Disturbance affects both shortwave (i.e., solar) and 
longwave radiation, which increase and decrease, re-
spectively, as a result of reduced tree cover (Adams 
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et al. 2012, Mikkelson et al. 2013, Pugh and Gordon 
2013, Sun et al. 2018). Postdisturbance changes in the 
relative contributions of shortwave and longwave ra-
diation are not linear, and their relative contributions 
vary throughout the seasonal snowpack season as sun 
angle changes (Boon 2009, Burles and Boon 2011, 
Ellis et al. 2011, 2013, Harpold et al. 2014, Sun et al. 
2018). Total radiation available for snowmelt some-
times increases by more than the increase in insolation 
alone, particularly when organic debris (i.e., needles, 
bark, branches) falls on the snowpack following tree 
mortality because of insects or wildfire (Gleason et al. 
2013, Pugh and Gordon 2013). Debris-covered snow-
pack has a lower albedo than debris-free snowpack, 
and thus absorbs more radiation and melts or sub-
limates faster (Gleason et al. 2013, Pugh and Gordon 
2013, Winkler et al. 2014). In the Sierra Nevada, dis-
turbance severity is negatively related to SWE (Stevens 
2017), presumably because denser, less disturbed stands 
shade the snowpack and slow snowmelt. Although 
trees shade the snowpack from shortwave radiation, 
they also emit longwave radiation—which presents a 
tradeoff between shortwave and longwave radiation, 
as snowmelt is affected by total radiation (Lundquist 
et  al. 2013, Sun et  al. 2018). At temperatures near 
freezing, medium-density forests are likely to retain 
more snow than higher-density forests (with higher 
longwave radiation) or lower-density forests (with 
higher shortwave radiation) (Lundquist et  al. 2013, 
Hubbart et al. 2015). For example, forest thinning in 
Arizona may decrease longwave radiation while having 
little effect on shortwave radiation reaching snowpack, 
resulting in decreased net radiation and thus increased 
SWE (Svoma 2017). In contrast, in areas with average 
winter temperatures below freezing, longwave radi-
ation may be insufficient to melt midwinter snowpack, 
and shading becomes more important for snow reten-
tion in later winter (Ellis et al. 2011, Lundquist et al. 
2013, Stevens 2017). The impact of radiation budgets 
on SWE suggests that physically based models that in-
clude components of radiation could improve the pre-
dictability of hydrologic response to disturbance.

Several studies concluded that topographic aspect 
controls the effects of trees on snowmelt via its effects 
on shortwave radiation. In the Canadian Rockies, 
snow disappearance date either increases or decreases 
in clearings, relative to intact forest stands, depending 
on aspect (Ellis et  al. 2011). Snowpack under un-
disturbed forests on south-facing slopes is shaded 
and thus receives less shortwave radiation—and re-
tains snow longer because of slower snowmelt—than 

adjacent clearings, even though clearings may initially 
have a higher total snowpack. In contrast, trees on 
north-facing slopes have higher late-winter snowmelt 
rates than clearings because of higher longwave radi-
ation within forested stands (Ellis et al. 2011). In cen-
tral Utah, which is at a lower latitude and thus has a 
higher solar angle, stand-replacing wildfire results in 
earlier snow disappearance on both north- and south-
facing slopes, relative to unburned stands (Maxwell 
et  al. 2019). Two studies—one west-wide (Tennant 
et al. 2017) and one in New Mexico (Harpold et al. 
2014)—concurred that in areas with relatively high 
solar radiation, e.g., at low latitudes, aspect exerts a 
greater control on SWE than vegetation characteristics.

Evapotranspiration
The long-held expectation that postdisturbance water 
yield will increase is based on the assumption that 
evapotranspiration will decrease (Figure  1a), thus 
making more water available for streamflow (Adams 
et al. 2012, Pugh and Gordon 2013). Here we examine 
three components of evapotranspiration that have 
been cited as driving gains in streamflow following 
disturbance: transpiration; sublimation of snow, both 
from canopies and from snowpack; and evaporation 
from soil (Figure 1). All were found to respond vari-
ably to disturbance, as described below.

Few studies have asked whether the expectation 
of reduced postdisturbance transpiration holds true 
for nonstand-replacing disturbances such as the wide-
spread recent die-off (Hicke et  al. 2015). Two case 
studies highlight mechanisms that may result in unex-
pected increases in evaporation. First, although moun-
tain pine beetle epidemics kill overstory trees and thus 
lead to declines in overstory transpiration, increased 
transpiration of surviving vegetation, including ad-
vance regeneration (i.e., seedlings and saplings that 
were present in the understory prior to the epidemic), 
can lead to increased total evapotranspiration and de-
creased streamflow (Biederman et al. 2014). Another 
study concluded that decreases in postdisturbance 
transpiration may be offset by increased soil evapor-
ation, resulting in a net increase in evapotranspiration 
(Reed et al. 2016).

The assumption that reduced canopy interception 
will lead to a net decrease in postdisturbance sub-
limation, and thus an increase in SWE, is supported 
by stand-replacing disturbances such as clearcutting 
(Stednick 1996). However, two observational 
studies—one in Colorado (Biederman et al. 2014) and 
one in New Mexico (Harpold et al. 2014)—and one 
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simulation study (Sexstone et al. 2018) found that in-
creased sublimation from the snowpack can offset de-
creases in canopy sublimation. High radiation reaching 
the snowpack surface, as well as increased turbulence 
beneath the reduced postdisturbance canopy, can 
cause unexpectedly high sublimation from snowpack 
(Biederman et al. 2014, Sexstone et al. 2018).

Finally, evaporation from soil represents not only 
a component of evapotranspiration but also a con-
straint on forest regeneration and growth. Most 
of the 18 studies that assessed postdisturbance soil 
moisture evaluated nonstand-replacing disturbances. 
Approximately equal numbers of studies concluded 
that soil evaporation increases, decreases, or does 
not change following disturbance, and several studies 
found variable responses (Adams et  al. 2012, Grant 
et al. 2013, Pugh and Gordon 2013, Reed et al. 2014, 
Harpold et al. 2015, Bart et al. 2016, Boisramé et al. 
2017). Postdisturbance soil moisture may increase be-
cause of decreased transpiration (Concilio et al. 2009, 
Mikkelson et al. 2013, Penn et al. 2016, Saksa et al. 
2017, Reed et al. 2016), but it may also decrease, par-
ticularly during the growing season, because of in-
creased evaporative demand driven by higher solar 
radiation following overstory canopy loss (Biederman 
et al. 2014, Chen et al. 2015, Bennett et al. 2018). Soil 
moisture response may vary because of differences in 
snow retention—the date of complete snow disappear-
ance (Grant et  al. 2013, Harpold et  al. 2015)—and 
depletion of soil moisture by growing-season evapo-
transpiration (Bart et  al. 2016, Bennett et  al. 2018). 
As with seasonal low flows, soil moisture response to 
disturbance may vary over long timescales (Perry and 
Jones 2017).

Linkage between Forest Disturbance 
and Water Yield
This synthesis of recent literature indicates that forest 
disturbance may increase or decrease water yield, 
leading to two important conclusions about the 
linkage between forest disturbance and water yield in 
semiarid western watersheds: (1) the hypothesis that 
forest cover reduction leads to increased water yield is 
not universally true, and in some cases postdisturbance 
water yield may actually decrease, and (2) although 
the “response to treatment [or disturbance] is highly 
variable” (Hibbert 1967, p.  535), the ability to pre-
dict where water yield may increase versus decrease 
following disturbance is improving. Thus, this re-
view contributes insights beyond those of other recent 

reviews by identifying circumstances that may exhibit 
decreased postdisturbance water yield. Silvicultural 
prescriptions such as fuels treatments and forest thin-
ning often mimic nonstand-replacing disturbances such 
as those summarized here, and therefore they may fail 
to increase water yield in semiarid western watersheds.

Studies that found decreases in water yield high-
light important exceptions to Hibbert’s (1967) first hy-
pothesis that forest cover loss leads to increased water 
yield. Two previous reviews (Adams et al. 2012, Pugh 
and Gordon 2013) hypothesized that water yield could 
actually decrease following nonstand-replacing tree 
die-off, and several studies have now confirmed this re-
sponse. These unexpected results facilitate formulation 
of new hypotheses about when water yield—and po-
tentially snowpack—might actually decrease following 
forest disturbance. First, all of these studies occurred 
in a semiarid region. Second, two factors that lead to 
decreased postdisturbance water yield and snowpack 
are: (1) high density and growth rates, and thus tran-
spiration, of postdisturbance vegetation (Guardiola-
Claramonte et  al. 2011, Biederman et  al. 2014, Bart 
et al. 2016, Bennett et al. 2018), and (2) high total ra-
diation (Harpold et al. 2014, Biederman et al. 2015, 
Stevens 2017), which leads to increased sublimation 
from the snowpack (Biederman et al. 2014, Harpold 
et  al. 2014), and increased evaporation of soil mois-
ture (Biederman et al. 2014, Chen et al. 2015, Bennett 
et al. 2018). In short, increases in evapotranspiration 
(Figure 1b, red arrows) more than compensate for the 
decreases (Figure 1b, blue arrows). The relative magni-
tudes of the responses exhibited by individual compo-
nents of evapotranspiration (Figure 1) are related both 
to the type and density of postdisturbance vegetation, 
and also to net radiation, which drives evaporative de-
mand. Net radiation is partly a function of latitude and 
aspect, which have long been identified as a control on 
the magnitude of water-yield increases following har-
vest in wetter areas such as Coweeta, NC, and Fernow, 
WV (Hibbert 1967).

Previous reviews provided rule-of-thumb thresh-
olds for when and where forest disturbance is likely 
to increase water yield: in watersheds where at least 
20 percent of tree cover is removed (Stednick 1996, 
Brown et  al. 2005, Adams et  al. 2012) and precipi-
tation is at least 500  mm/year (Adams et  al. 2012). 
Given that most studies reviewed here characterized 
predisturbance conditions categorically rather than 
quantitatively (Table  4), the interpretation of the 20 
percent rule of thumb is likely to be applied to entire 
stands (e.g., 20 percent of area within a catchment, 
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based on delineation of polygons) rather than to the 
density within individual stands (e.g., 20 percent density 
reduction in stands of known density). However, the 
relation between forest cover and streamflow response 
is complex and nonlinear (Moore and Wondzell 2005). 
An “area affected” characterization can mask the vari-
ability of stand densities within a catchment, where 
density is known to affect snow accumulation and re-
tention (Lundquist et  al. 2013), and perpetuates the 
categorical characterization of forests and disturbance 
(e.g., “disturbed” versus “undisturbed”), as described 
below. In regard to precipitation thresholds, decreases 
in postdisturbance water yield occurred in watersheds 
with precipitation greater than the rule of thumb of 
500 mm/year (Table 5).

Two recent high-profile papers underscore the on-
going interest and uncertainty regarding the factors 
that determine water yield response to forest disturb-
ance and recovery. In an analysis of 251 catchments 
worldwide, Evaristo and McDonnell (2019) report 
that among catchments where streamflow increased 
following removal of forest cover, the best predictor of 
the magnitude of streamflow increase was subsurface 
storage potential (i.e., depth to bedrock). However, a 
subsequent critique (Kirchner et al. 2019) of Evaristo 
and McDonnell (2019) illuminates the obstacles in-
herent in amassing reliable broad-scale datasets, 
building robust models, and extending findings to new 
watersheds. As suggested by Kirchner et  al. (2019), 
shortcomings in the ability to predict streamflow re-
sponse to forest cover change could result in forest 
policy and management that may have unquantified 
effects over both short- and long-term timescales, 
and also at spatial scales ranging from watersheds 
to continental-scale linkages between cover type and 
downwind precipitation. Thus, the disciplines of for-
estry and hydrology have much work to do, both 

individually and collectively, to improve the predict-
ability of the effects of forest dynamics on water re-
sources, as discussed below.

Improving Predictability of Hydrologic 
Response to Disturbance
Extending recent findings to forest and watershed 
management, and predicting the response of any 
given watershed to disturbance, requires an improved 
quantitative framework linking forest conditions, dis-
turbance severity, and hydrologic response. Despite 
the recent increase in the number of papers focused 
on this linkage, less than half of studies character-
ized forest cover and forest disturbance quantita-
tively rather than categorically (Table  4). Given that 
individual components of the hydrologic cycle are 
affected by vegetation composition (Bart et al. 2016, 
Bennett et  al. 2018), structure (Broxton et al. 2015), 
density (Lundquist et al. 2013, Hubbart et al. 2015), 
and radiation exposure (i.e., aspect) (Ellis et al. 2011, 
Harpold et al. 2014, Tennant et al. 2017), a more pre-
cise understanding of the linkage between disturbance 
and hydrologic response requires analysis of quantita-
tive (e.g., LAI, basal area, canopy cover) rather than 
categorical or qualitative (e.g., forest versus nonforest, 
disturbed versus undisturbed) attributes.

Among the majority of studies that character-
ized forests and disturbance categorically rather than 
quantitatively (Table  4), descriptors of “forest” (i.e., 
predisturbance conditions) included three types of 
categories: forest versus nonforest; forest type or cover 
type; or forest density classes. The most common 
categorical characterizations of forest disturbance 
(Table 4) consisted of simply “disturbed” versus “not 
disturbed” (17 papers), where disturbance thresholds 
were defined either within the study or by an external 

Table 4.  Metrics used to describe forest conditions and disturbance.

Metric Forest condition Disturbance

Percentage of area forested/disturbed 3 14
Percentage of canopy cover at catchment scale 5 1
Categorical 41 44
Leaf area index/plant area index 15 8
Standard forestry measurements 11 5
Tree growth and/or mortality rates 1 4
NA (review papers) 2 2
Total 78 78

Note: More than half of papers described forests and disturbances in categorical terms rather than quantitative ones; the most 
common quantitative metric was leaf or plant area index.
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dataset (e.g., Aerial Detection Surveys). For moun-
tain pine beetle disturbance, some studies further 
distinguished between green, red, and gray phases of 
infestation (see Pugh and Gordon 2013, for phase def-
initions), which were expected to differentially affect 
SWE via their effects on snowpack albedo, shading, 
and interception (Winkler et al. 2005, Pugh and Small, 
2012, 2013, Pugh and Gordon 2013, Biederman et al. 
2014, Biederman et al. 2014, Perrot et al. 2014, Penn 
et al. 2016). Other papers included scenarios of either 
multiple disturbance agents or multiple severities of a 
single agent, as well as one study that characterized 
cover type conversion from forest to multiple nonforest 
scenarios with varying vegetation densities (Bart et al. 
2016).

Several studies concluded that forests affected by 
nonstand-replacing disturbance should be considered 
a distinct cover type, based on observations that 
nonstand-replacing disturbances exhibit a range of 
hydrologic responses between those observed in undis-
turbed forests and those subject to stand-replacing dis-
turbances such as clearcut harvests or severe wildfire 
(Boon 2009, Boon 2012, Pomeroy et al. 2012, Winkler 
et  al. 2014). One of these studies (Boon 2012) pro-
posed the concept of a “forest structure continuum” 
(p. 284), which represents a step toward quantifying 
forests and forest disturbance numerically rather than 
applying categories of disturbance or cover. This rec-
ommendation underscores the importance of charac-
terization forests and disturbance quantitatively rather 
than categorically.

Quantitative Characterization of Forests 
and Disturbance
Among the minority of studies that quantitatively re-
lated forest conditions to hydrologic fluxes (Table 4), 
the most common metric for characterizing forest con-
ditions was LAI. Process-based simulation models, 
such as the Regional Hydro-Ecological Simulation 
System (Tague and Band 2004) and Distributed 
Hydrology Soil Vegetation Model (Wigmosta et  al. 
1994) ecohydrologic models and one snowpack model 
(Broxton et al. 2015), include the capability to repre-
sent forest canopy densities in terms of LAI. Because 
standard forestry assessments do not include LAI 
(Härkönen et al. 2015, USDA 2017; plus the majority 
of studies in this review), a disconnect exists between 
standard forestry measurements and quantitative 
forest metrics used in hydrology. Future efforts to im-
prove quantitative predictions of disturbance effects on 
water resources should thus include spatially explicit 

estimation of LAI. Abundant research has improved 
the ability to estimate LAI on the ground using light 
sensors or hemispherical photography (Jonckheere 
et al. 2004), or remotely via airborne or space-based 
light detection and ranging (Tang et al. 2014), as ef-
ficient alternatives to destructive sampling that may 
have the added benefit of separating understory from 
overstory LAI. In recent studies, both the scale and 
grain (e.g., ability to distinguish overstory from under-
story LAI) of LAI assessments have varied widely, de-
pending mainly on data availability. At the broadest 
scale of assessment, a single LAI value represented 
each cover or disturbance class (Perrot et  al. 2014, 
Broxton et  al. 2015, Penn et  al. 2016, Svoma 2017, 
Sexstone et  al. 2018). Other studies spatially aver-
aged LAI within disturbance severity classes (Pomeroy 
et al. 2012, Reed et al. 2016). The most data-intensive 
studies represented spatially and temporally explicit 
LAI in empirical analysis (Bewley et al. 2010), process-
based numerical models (Reed et al. 2014, Chen et al. 
2015), or ecohydrologic simulation models (Huff et al. 
2000, Livneh et  al. 2015, Saksa et  al. 2017, Bennett 
et al. 2018).

Of the studies that collected detailed forestry meas-
urements, exclusive of LAI, the majority did not 
quantitatively analyze those data relative to hydro-
logic effects and presented quantitative data only in 
a site-descriptive context. Only a single study related 
quantitative forestry measurements to hydrologic re-
sponse, using correlations of forest cover against max-
imum SWE and snowpack ablation rate (Varhola 
et al. 2010). Standard forestry measurements included 
stand-level quantitative metrics such as basal area, tree 
density, and tree volume, as well as tree-level attrib-
utes such as diameter, height, and species. Although 
allometric equations allow estimation of LAI based 
on standard forestry measurements, they are typic-
ally applicable only in the localized regions and for 
the species for which they were developed (Jonckheere 
et al. 2004). The scale of forest characterization also 
ranged from site-specific evaluation to watershed-scale 
assessment based on maps or remote sensing. Two 
studies in Table 1 (Zhang and Wei 2012, Li et al. 2018) 
quantified disturbance effects in terms of equivalent 
clearcut area (ECA) (King 1989)—which accounts 
for the density and extent of disturbed areas for the 
purpose of predicting peak flow changes—and one 
paper presented a brief critical review of the concept 
(Varhola et al. 2010). As discussed above, hydrologic 
response to disturbance is influenced by stand struc-
ture, density, and radiation exposure, which all affect 
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snow accumulation, snowmelt rates, and evapotrans-
piration. Because these influences are almost certainly 
nonlinear (Moore and Wondzell 2005), it is unlikely 
that ECA can accurately represent the hydrologic im-
pacts of spatially heterogeneous, nonstand-replacing 
forest disturbances.

Direct and Indirect Hydrologic Effects of 
Forest Disturbance and Climate
Aside from the most data-intensive LAI assess-
ments, nearly all other studies in our review assumed 
postdisturbance LAI to be time-invariant, therefore 
not accounting for growth of postdisturbance vegeta-
tion. Applying new findings to management requires 
not only improving our quantitative representation of 
vegetation in hydrologic analyses, but also accounting 
for postdisturbance vegetation dynamics and response 
to future climate (Andréassian 2004, Buma and Livneh 
2015, Bennett et al. 2018). Future disturbance and cli-
mate will have both direct effects on streamflow (e.g., 
warmer temperatures will result in more precipitation 
falling as rain rather than snow) and indirect effects 
as mediated through vegetation changes (e.g., warmer 
temperatures lead to tree die-off, which in turn affects 
evapotranspiration). Accounting for postdisturbance 
vegetation dynamics and climate scenarios is pos-
sible given the current state of physically based eco-
hydrologic modeling (Wigmosta et al. 1994, Tague and 
Band 2004), which again requires better quantitative 
characterization of forest conditions.

Postdisturbance recovery and regrowth can cause 
streamflow to either increase or decrease, depending 
on seasonality, time since disturbance, and density and 
rate of regrowth (Perry and Jones 2017). Twenty-six of 
the 78 studies considered in this review incorporated 
either past or future climate forcing data, whereas only 
21 included multiannual forest dynamics, i.e., regener-
ation or regrowth, in their assessments of hydrologic 
response to disturbance. Beyond timescales of about 
a decade, initial hydrologic responses, such as sea-
sonal low flows or water yield, may return to baseline 
conditions or even differ in sign (increase versus de-
crease) from the immediate postdisturbance response 
(Perry and Jones 2017). However, in studies focused 
on sufficiently short timelines (<10 years), the assump-
tion of static vegetation may be acceptable in the slow-
growing coniferous forests of the western United States. 
Studies that accounted for vegetation dynamics used a 
variety of methods, ranging from time-based thresh-
olds for reversion from “disturbed” to “undisturbed” 
(Hernandez et al. 2018) to classification of stands or 

catchments in various stages of recovery, as observed 
either through ground observations or through remote 
sensing (Wei and Zhang 2010, Zhang and Wei 2012, 
Robles et  al. 2014, Winkler et  al. 2014, Vanderhoof 
and Williams 2015, Boisramé et al. 2017, Meyer et al. 
2017, Li et al. 2018) or simulation of future vegetation 
growth (Grant et  al. 2013, Buma and Livneh 2015, 
Bart et al. 2016, Penn et al. 2016, Saksa et al. 2017). 
Simulations of vegetation recovery vary from species-
specific bioclimatic envelopes (Buma and Livneh 2015) 
to species-invariant simulated canopy growth (Grant 
et al. 2013, Bart et al. 2016, Saksa et al. 2017).

Interannual climate variability can also mask 
streamflow and snowpack responses to disturbance. 
The largest differences in snowpack between disturbed 
versus undisturbed stands occur in low-snowfall years 
(Boon 2012, Winkler et al. 2014), which are expected 
to become more common in western North America 
(Fyfe et al. 2017), as larger snowfall overwhelms the 
interception capacity of the overstory. Additionally, 
tree mortality is likely to increase because of drought- 
and heat-related factors (Adams et  al. 2009, Allen 
et al. 2010, Anderegg et al. 2013, Williams et al. 2013, 
McDowell et al. 2016). Simulations that include both 
vegetation dynamics and climate projections suggest 
that vegetation may have a stronger influence on the 
future water yield than climate alone in dry regions 
(Bart et  al. 2016, Bennett et  al. 2018). In contrast, 
interannual precipitation variability in wetter areas 
exerts a stronger control than forest conditions on 
streamflow (Burt et al. 2015).

Finally, future studies can help improve the pre-
dictability of hydrologic response to disturbance by 
quantifying and reporting the magnitude of changes 
in both forest conditions and hydrologic fluxes. Such 
quantification will allow differentiation of initial forest 
densities or structures, disturbance severities, and sub-
sequent hydrologic response. In Bosch and Hewlett’s 
(1982) review, their figure  1 presented a quantitative 
relation between the percentage reduction in forest 
cover and the annual streamflow increase. Their review 
differed from this paper in that it focused on stand-
replacing disturbances—primarily harvesting—while 
our review included numerous cases of both stand-
replacing and nonstand-replacing disturbances, which 
we conclude may exhibit different hydrologic responses. 
Although we initially sought to quantify the magnitude 
of increases or decreases in snowpack and water yield 
that were observed in different studies, too few of the 
papers reviewed here reported magnitudes of change 
in a way that enabled meta-analysis. Therefore, we 
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recommend that future papers explicitly report the fol-
lowing metrics: quantitative forest density (e.g., in terms 
of LAI, basal area per acre, or canopy cover percentage), 
quantitative disturbance effects (e.g., reduction in LAI, 
area affected), scale of assessment (e.g., stand, hillslope, 
or catchment), annual precipitation, annual maximum 
SWE, and magnitude of hydrologic change as well as 
results of any statistical significance tests.

Implications for Forest Management: 
Balancing Water Yield and Forest 
Resilience
Given that tree mortality in the West is likely to con-
tinue at a historically high rate in the future (Allen 
et al. 2010, Anderegg et al. 2013, Williams et al. 2013), 
management objectives may seek to maximize the 
adaptive capacity of forested watersheds by optimizing 
growing-season soil moisture (Grant et al. 2013), e.g., 
by maximizing snow retention. The same factors that 
affect postdisturbance water yield also may affect 
snow retention and soil moisture. Although soil mois-
ture sometimes increases in the years following har-
vest in relatively wet areas (Ziemer 1964, Perry and 
Jones 2017), it may decline if snowpack decreases or 
melts earlier. Decreases in snow accumulation, snow 
retention, or soil moisture most often occur at lower 
latitudes and south-facing aspects where solar radi-
ation dominates the radiation budget (Ellis et al. 2011, 
Lundquist et al. 2013, Biederman et al. 2014, Harpold 
et al. 2014, Chen et al. 2015, Bennett et al. 2018). At 
such sites, stand structure and density can have im-
portant effects on snow accumulation and retention 
(Lundquist et al. 2013, Broxton et al. 2015), which in 
turn affect growing-season soil moisture (Tague et al. 
2009, Grant et al. 2013, Harpold et al. 2015).

The studies that found decreases in postdisturbance 
water yield (Table 5) or snowpack mainly occurred in 
catchments that coincide with regions that are expected 
to receive less precipitation as snow in the future (Fyfe 
et  al. 2017). Even in catchments receiving more rain 
than snow, die-off may increase the vulnerability of 
surviving trees to future mortality if understory tran-
spiration and soil evaporation overcompensate for 
the decrease in canopy evapotranspiration (Morillas 
et  al. 2017). In stands already affected by natural, 
nonstand-replacing disturbance such as drought- or 
insect-related die-off, postdisturbance salvage logging 
in high-radiation environments may allow increased 
solar radiation to drive earlier snowmelt and subse-
quent depletion of soil moisture, either through soil 

evaporation or through transpiration by understory 
vegetation (Boon 2009, Gleason et  al. 2013, Perrot 
et al. 2014, Winkler et al. 2015, Morillas et al. 2017). 
Such treatments in high-radiation environments may 
not only lead to reduced summer flows and possibly 
reduced water yield, but also hinder future forest re-
covery and resilience if soil moisture decreases as a 
result of increased solar radiation reaching the soil sur-
face. Additionally, harvest treatments have additional 
effects if they include road-building, which can affect 
infiltration and both surface and subsurface runoff 
pathways and rates (Moore and Wondzell 2005).

Toward the goal of optimizing soil moisture, studies 
summarized here provide some guidelines for maxi-
mizing snow retention. In areas where average winter 
temperature is less than –1° C, longwave radiation in 
dense forests is typically insufficient to melt midwinter 
snowpack, and dense canopies provide shade that slows 
spring snowmelt (Lundquist et  al. 2013). Thus, re-
taining moderately dense forest cover should be a goal 
in colder areas if forest resilience is a management ob-
jective, particularly on south-facing slopes where they 
provide solar shading (Ellis et al. 2011). However, snow 
retention at relatively windy sites in cold regions may 
be controlled more by winds (i.e., with longer reten-
tion in forests than in clearings where wind scours the 
snowpack) (Dickerson‐Lange et  al. 2017). In warmer 
areas, i.e., those where mean winter temperature is 
warmer than –1° C, sparser tree cover may optimize 
snow retention by providing solar shading with min-
imal longwave radiation emittance (Lundquist et  al. 
2013). For example, maximum snow retention was ob-
served in Arizona at sites that were thinned and burned 
to about 24–30 percent of initial density (Sankey et al. 
2015, Svoma 2017), where treatments provided the 
added benefit of lower fire risk. In such warm areas, or 
in colder areas on north-facing slopes (Ellis et al. 2011), 
managing for less dense forests may minimize total melt 
energy—i.e., by blocking shortwave radiation while 
emitting less longwave radiation than denser stands—
and thus maximize snow retention.

Future management-driven research should attempt 
to improve predictions of when snow retention will re-
spond positively or negatively to silvicultural treatments 
such as thinning or salvage harvests. Physically based 
models already include the capability for simulating the 
effects of canopy density (typically in terms of LAI) on 
radiation, snowpack, and evaporation (Wigmosta et al. 
1994, Tague and Band 2004), and may thus serve as 
tools for comparing management alternatives. At finer 
scales that are relevant to individual forest-management 
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projects, physically based models can be used to com-
paratively assess alternative silvicultural prescriptions—
including site aspect, elevation, and the number and size 
of harvest gaps—for maximizing hydrologic objectives 
such as snow retention, water yield, or seasonal low 
flow targets (Ellis et al. 2013, Sun et al. 2018).

Conclusions
A review of 78 studies on hydrologic response to forest 
disturbance indicates that this topic has received in-
creased attention in the literature, and that new hy-
potheses continue to be formulated as understanding 
increases in this rapidly evolving discipline. Although 
one long-held hypothesis—that forest cover loss results 
in increased water yield because of decreased evapotrans-
piration—still applies in many cases, it was found to be 
incorrect under some conditions, and identifying these 
conditions will improve predictability of streamflow re-
sponse to forest disturbance. Water yield and snowpack 
are more likely to decrease or not change in areas with 
rapid postdisturbance growth and in watersheds where 
net radiation is greater, such as at lower latitudes and 
south-facing aspects. Both observational and simulation 
studies concluded that postdisturbance streamflow and 
snowpack may decrease under these conditions, yet only 
physically based models were able to simulate any reduc-
tions in yield, underscoring the importance of continued 
investment in physically based modeling to support 
forest management. The use of such models to evaluate 
management alternatives will require improved quanti-
tative characterization of forest density and disturbance 
effects, particularly in terms of leaf area index, which is 
the metric currently used for most quantitative linkages 
between forests and hydrologic response.

Supplementary Materials
Supplementary data are available at Journal of Forestry 
online.
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